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I. Summary 


the object of thie thesis was to design a servo— 
mechanism t» set the ohase-anele of the output voltage from 
a networx-analyzer phase-eshifter and t> maintain this phase 
angle curing varying load oonditions. The phaseangle of the 
output voltage from the pharce-shifter is dependent on ita 
rotor position and the load current. The phase-sensitive 
spervonechanitsm will maintain the desired pheasean¢ele of the 
output woltsace by oontinuouely controllinc the shaft position 
of the phuse-ehifter «6 changes in reoutred angle or loud 
current occur. 

The baSic design of the ecervomechanisn is Lilustrated 
in the block diagram of Figure 1. The cirouit dlagram of the 
most satisfuctory design achieved ie shown in Fig-ure II. The 
unite inclueec in thie cesign are as follows: 

(1) A phaée-sensitive rectifier which functions as 
the errormsensitive cevice. 

(2) A voltageewampliciler stage to amplify the error 
Signal and to drive the crids of the power 
amplifier. 

(3) A pover amplifier t> control the field current 
of the generator in the Yard Leonard drive 
systen. 

() The Ward Leonard drive oomvrising a generator 
and -otor of ldentical ratings and a single 


phase induction drive motor. . 


ae. 





(5) A synohro-transformer to supoly a oconpsring 
Bign:l to the error-sensitive devioe. 

(6) A oompensation system which wus in two sections: 
a lag network and os n-vative feedbac% of a dart 


of the armature terminal voltage. 


Since the synohro-transformer used to obtain a 
comparing Bignal 18 essentiaily a niniature of the phuse- 
shifter used in the network analyzer, a basic assunption of 
the deéign is that while the phase-shifter load may vary, the 
load on the sync4ro-transformer will remain constant; thus, 
the phase of the voltave output from the synchro will be « 
function of the rotor position only. 

The original eyatem which was constructed involved 
the use of a shunt-fleld-controlled drive motor. Teeta on 
this unit indicated that a chame in gezer ratio is necessary 
to ootain a satisfactory toraue oonstant with acecuscte sya- 
tem stability. 

Ae an interim measure, the etrunt-rleic-ocontrol 
motor wae replaced by a Ward Leonmird drive system as indi- 
cated in Figure II, in order to achieve a stable system with 
a suitable torque constant. The results of performence teete 
on thie unit indicated the follovine: 

(1) The maximum deviation from the set phase-angle 
uncer varying load conditions was 1.2°. 

(2) A @rift run under oonstant inout and load condi- 
tione shoved a maximum drift of -0.5° tot0.29 over 4a period 
of one hour. 


ve 





Although the design is not sufficiently complete 
to permit ite inetallation in the Net:ork Analyzer, the 
above results cemonstrate the precticability of the basic 
deéign. Recommendations are made in the body of this 
report which will permit the use of the preferred shunt- 
field-control drive motor and improve the accuracy to 


that required by the Network Analyzer. 


- 
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List of Parts for Circuit of Figure II 


Ry 2250 ohme Rg 20,000 ohme 

Ro 35000 Ry 6 1000 

R. 75000 Ray 10 

Ri, 3% 10° Ri> 100 

a 440,000 tT 2B 

R, 3000 R,,, 29,000 

Ra 5000 As zZ100 

Cy 6 uf. filter condenser 

Cc. 10 wf. 

C4 10 oat. 

»$ ol 1:1 Transformer ; 

Tx2 2:1 Stepdown Transformer 

VTl 6L6 Beam Power Amplifier VT3 6SL7-GT High Ku Twin Triode 
VT2 6H6 Twin diode VT4 6L45 Beam Pover Amplifier 


Worm Gear 100:1 

Generator: Split field, 110 °¥7. D.C., 0.5 a., 50 watte 

Drive totor: 110 v. A.C. 

Servoeymotor: 110 v. D.C., 0.5 a., 50 rutts 

Phase-Snifter: Seriee conn. Rated 1 amp, 70-410 volta 
Parellel conn. Pated 2 amps, 35-205 volts 

Synechro-transformer with manual rotor—positioning gearing, 


10:1 ratio. 





II. Introduction 





“The netvorsk analyzer coneists of an assenblaye 
of resistore, reactors, capacitors, tap-chancing auto 
transformers and phiosse-shifters; a syeten of busec for the 
interconnection of there elements to represent (on a one- 
phase line-to-neutrsl basis) power systems or other electrio 
cliroults; and @ meesuring system for reading currents, 
voltages, phase-angles. and active anc reactive pover valuse 
within the network....In general any network whose number 
of elements falls within...the limite of the analyzer... 
can be represented with a completenees aceauate for encineer- 
ing studies."* 

By the reoresentation of complex networks on an 
analogue basis, the network analyzer permits the eolution 
of problems in electric pover transmission, the analytical 
golutions of which ara go tedlous as to be impractical. 
Synoehronous machines in the system are represented by 
several types of phase-shifting transformers. 

In ceneral a synchronous maonrine in a netvrork oan 
be represented with sufficient accuracy by the equivalent 
Girecult of Figure III. 

Using the oonventional transformer equivalent 
circuit to represent the particular type of netrork analyzer 


phase-shifter for which the servomechéanisn was designed, the 


* Quoted from Reference (10) 


~~ Fe 





tasis for representine “She synchronous mach.nes by phe ie- 


shifters can be explained. 


VOCE 
> v4 
+ To c. 
CO) *, t yaks 
hs ge Jt 
= a — jaa Pe ek 
Vig. Bat 


Equivalent Circuit and Veotor Diagran 
for the Synenronous Machine 


For the phase-shifter (see Fig. IV), the phase 
of E, the voltage induced in the single-phisé atator b’ the 


rotating air-gap field of the rotor, will depend on th: poei- 


tion of the rotor. The terminal voltage of the phase-shifter, 


Vo» t411 however, vary in magnitude and phase with the ‘oad 


current, I.. 


’ aD ae a | 
& ¢ ry 
6 Sy rrar ot » B E to 
, 7 4 axe + se ys 
Fig. Iv 


Transformer Equivalent Circuit for the 
Phase-Shifter 
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Vite the phuse-shifter 52% for u purticuler voltae (Uoth 

in magnitude und phase), the terpinsl voltage, V5, can 
represent the output voltace, Veo of the synenronocus tar iline 
of rijwre T1li. Tt it Weconese Gésiraoie for Btability 68adtes 
to represent the volt.gZze, Er, os Figure iff, then V5 oan 
represent thie voltuge and the synchronous reactance, X%,, 

can be represented by appropriate stutic units in the net- 
rvork anelyzer. 

Yhen one oonsiders that 46 many as sixteen sener- 
ating stations may be reanresented on the analyzer, and that 
the partioul.r rotor position and voltece tuv setting of each 
prase-shifter 13 influenoed by the settin: of all other units, 
it becomes evicent that the adjustrent of all phaceeshifters 
te obtain a given set of boundary oonditions, will be a tedi- 
ous trial-ant-error procegna. Thus a %rim.ry funotion of the 
phuse-sensitive Servomechanis~ ic to set a purticulur chase- 
angie thich will remain constant ag the other parameters are 
aGdjunted. aA second and, perhaps, even more important function 
of the phase-sensitive servonecnanis” ie to extend the ecov.e 
of tne network analyzer to handle studies of transient problenrs 
which woulc require that the boundary conditions be vartec 
continusuely in some preeoribved manner. 

For example, the cesign of «. comouter for solving 
transient atability proble. on the :ietwork Anulyzer hae vpeen 


‘ 1? 
-yeloped concurrentliv it- thie deeign. Ageuming a con- 
¥ Superseripts refer to referencer ae listed in the vlblio ruony. 
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Btant prine-mover “co er, this comouter measures the electrical 
outnout of the treneratour umer suddenly apolied loud conditions 
and computes the chanze in phase-uncle which will result. The 
outnut of this unit, in the form of a shaft rotation, could 

be used to position the input synehro of the vshase-sensitive 
servorecheanism and thus produce « continuous gsilution to a 
problea rhioh not can only he handled by a tedious hand oalcu- 


lation and a point-by-point set up of the phase-shifters. 
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Ill. Procedure 


The preliminary ¢ten “ue the determination of the 
apecificatione whicn tre final “estgyn ahould meet. roe an 
investicstion of tne network cenalyver pnaseeshifters und the 
manner in which they ere used, tne followlns design sorcifi- 
cations tere st bitlishec: 

(L) The overell accurao, of the completec design shoulé 
allow less thun +0.5° error umver eatreme conditions of loac~ 
ing. This requirement wig bused on the present expect rd. 
accuracy attained by measuring pheee-anglese with uo calloratec 
Jhasbe~shifter. 

(2) The syetem should be free fron appreciable drift 
under steacy-Gtate conditions to avolc frequent calivration. 


{3) The design must utilize existing shase-shifters in 


~~ 


the network enalyzer an® should be compact anc of such & 
Nature eS tuo allow easy und Satisfuctory ineor oratian int» 
the netrrork uen.lyzer. 

(4) The loading effeet of tne gervoneciianis. on the 
opiese-srifters should be nepligible. 

(5) The servorecha isn should be steble unm’er all con- 
ditions. Since the expeotec rate of change of input phase 
wae cuit? «mall, tio apecific criterion was establisnea for 
error uncer constunt-velocity input. 

(6) The servomec*anism ghould be relatively insencitive 


$9 ohunzges in voltage nugnituce. 
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With these design spseeifications in mind, the develop- 


ment of the followin; componente wis oonstderedc: 


(1) A deviee to furnish the recutred input signal. 

(2) A comparing device which would conpare the ontput 
from the phaseeshifter with the inout fienal and eupply en 
error signal. 

(2) Amplifiers t;> control the drive motor in accortance 
with the error signal. 

(4) A Arive motor to position the phise-shifter rotar 
in accordance wit) the input signal. 


(5) Compensating devices to obtain the required stability. 


An investigation of the means at hand for measuring 
phase-angle was first undertaken. The method utilized at 
present in the network analyzer ie to null the unknown vecltage 
apainst the eutput Fron a calivrated vphnnasc-shifter. While 
this methoe ire highiy accurate and furnishes an alternating 
ourrent elgnal susceptible to ezsy amplification, Ate use with 
any sort of direct—-current drive system appeared impraotioal, 
for the following reasons: 

‘L) Any cifference in magnituce of the tvn voltages 
compared Would anpeur abd an error elgnal even if the two 
voltages were in phage. 

(2) Distortion of the wave forns vould produce an error 
Signal even though the funcamental voltage waver were in phase. 

(3) A phseee-sensitive circult would be necessary to ob- 

reese 
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tain « direational-seneitive signsl.* 

The aocuracy obtained by int Scam with his phase- 
an-le meter 1i-c to a oonsideration of his circuit ar on error 
sensitive cevioe. Suffice to say, that oonsiderable modifica- 
tion of his cirouit would be required t. obtain an error signal. 
The moct stratént-forvwerd modification whieh oceurrsd to the 
authors involved the use of a phuse-senfnitive reotifier circuit. 

fhe primary purpoece of the phase-measuring cevice 
for the partiouler appvlication intended was to furnish a zero 
Bignal for zero error. Therefore, it war cecided that a phase- 
Sensitive rectifier, which would in both of the above causes be 
required to obtain a directional sensitive signal, could be 
used alone if the proper type of itnout sBlgnal vere chosen. If 
prelininary teste should prov» the ~hiceecensitive rectifier 
inadequate, ltr accurascY a8 an error—meaeuring meann migot be 
improved by some of the techniques used by JucobsBen. 

*or Simplicity of explanition, the *nulf-vave diode 


phase-sensitive sectifler circuit of igure V will be utilized. 


* fh method is deseribed in the Apvencix of utilizing an A.C. 
(tvro=phase) servomotor which avoids these objections whicn 
acoompany tne ©.C. drive. This method sugperted itself to 
the authors only after work had been completed on tne ).C. 
Grive ayetem. Hence, due to tire Limitations, it wre not 
investigated experimentally. 
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Agsune that the reference voltage above is oonstant 


a 


in phose-angle. @. 18 « centertarose Ursaneforaer such that 


Ps 
voltage, HD, 18 ecual in megnitude t: voltase, be. Phe 


voltages, a anc V_, anovlied to the two rectifiers will than 


Le enusl in sta, nituce as ehown in tae solic-ilne vector CcClagram 
of “igure VL, if the voltage ne ie 90° out of phuse with the 


reference wolta:*. With these tvo ec cus: voltages, 








Vy and Vo, upoliea to the rectifier portion of the oircuit, 

the D.C. output voltages will be zero for input voltages 

90° out of phase, regardless of their reepeotive magnitudes. 
Assuming, for the moment, that the voltages, ab, 

be, unc bd, are constant in magnitude, the verlation of volt- 

agen, Vo and V,, as the phase angle departs from 90° by a 

Small angle, 9, can be observed. Referring to the dashned-line 


vectors, Figure VI 
| ¥a | = | BE cose + JBC + Jor gind| ae) 
Ye = Ba cose + iba - j5T oino| (2) 


Since | Ba| -| Be | 





any mie + 2. ge + 2be-bd eine 


| oe 21nd) ( Bar + Box | 


- \ 0 - BER sine ) (me Be) 




















2bo. ba § —f 
ve | = je. |= : 2 > 2 | | wee 
| | 7 bd + te < Bite 
| ah K, ee (3) 
: ba’ + bee 


From Fouation (3) it can be seen that: 


See 


| 





(1) The D.C. outrut woltace, whioh is provortional to 
| ¥5| -{Vol, Le proportionsal to © for Small depurturer from 
the 90° phase po#ition. 

(2) The magnitude of the outout voltuge per degree 
departure from 90° is limitea principally by whe swuller 
of the tyo woltages, Be or Bd, if their mugnituces differ 


aporeciably. 


In orcer to utilize such a aensemcetretine rectifier 
as an errorneasurin: cevice, the incut rust consiet of a 
voltaze of the gane frequency aa the reference; it siust ulso 
be easily varied in phese. A simple means of obtainins thie 
ie through the use of 2 cynehwortr nsformer with three-phase 
excitation. If the load ic kept e vnetant, the shace-angle 
of the output voltage is « function of the rotor posltion 
any. To in@ure o constant Jlozed, a buffer anplirier wae in- 
gerted betivsen the synchrov-transformer anc the sense-ustecting 


rectifier as ehown in Pipure VII. 
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The Inout synchro rotoroositioning ¢ial indicator 
1s calibrutec in such a sanner th.t te synchro outout vol tase 
ls 90° from the d4al eettin:. 

Of the Several type of sense-detecting rectiflers 
Bimilar in principle to the halfewive dice cireuit deacribed 
above, the full-ave diode cireuit was decided uvon for the 


folloving reasons: 


(1) he use of diodes reduces the poseibility of arifs 
because of their more stable charucterictics. 

(¢) The fullevave reetifier produces less ripple for a 
Given filter cirouit. The ripple voltare must be 
reduced to the point that A.C. saturation of the 
D.C. amplifiers (which amplify the error signal) 


Goes not oosur. 


The circuit diagram for the fullewsve diote sense- 


detecting rectifier apnears in Figure VIII. 
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Having selected the error-sensi: ive elenent, the 
next ste> wae the selection of a sgervo-drive systen. Vork 
done by “syer and -iodt in their thesis“ {Indicated thet the 
torque of the ohese-shifter underwent a variation with rotor 
position whieh was unpredictzble. ‘The greatest toruue thet 
they measured was about 2 ft.loea. and this figure ves used 
in preliminzry estimates of steady-state error. Of zreater 
value in oheosing the motor to be used was the fact thit they 
had used a 1/50 H.P. motor with a 60:1 gear reduction to posi- 
tion one of the netvork analyzer phasge-shifters with satis- 
factory results. 

The desirability of compactness indicated the use 
of a D.C. motor with shunt-field control or a D.C. motor with 
armature control. Vhe shunt-fleld~-eontrol motor was chogen 
because relatively low power tubes could be used in the oover 
emolifier. In adc ition, while ehunt-fileld centrol gun be pro- 
vided by a Simple push-pull anrplifier, the use of a bridge 
circuit is indicated to obtain armature control anc the prob- 
lems of direst current stacility of the amplifiers sre creater. 

It was considered that the advantage of a more standle 
amplifier syaten more than offset the disadvanta:e that a sep 
arate constant current scxurce would be recguirec for the shunt- 

Leid-controlled motor. 

In view of the above disoussion, it was deciced that 
the §0-att shunt~field motores available in the Servosechanieme 
Laboratory would be satisfactory for experincntation. sne re- 


ymiinder of the design was predicated on the us9 of one of thene 
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motors with a fear reduction of 1C€0:1. 

At this point it Leoaume poresible to construct a 
blocs dizzgram of the pronoged system whion aided in further 
analysis. (See Figure La.) 

Calculations (see Sannle Culouwlationse, Anpendtx) 
indicated that at least two atages of D.C. amplification would 
ve required following the ohase-frensitive rectifier in order 
to ovtain the desired ftorcue oonstant for the system. For the 
voltae unvlifier, a 6SL7 tube was chosen and arranged in cush- 
pull with one grid grounded ss shown in Figure IT. Tha exnected 
gain for this stage wus about 40 volts per volt. 

For the pover amplifler, one of the power amplifiers 
used in the Servomechaniams Laboratory was used arter some 
Blight modifioatione had been made to adapt 1t to the oironit. 
In this amplifier two 6L6 tubes in parallel supply each half 
of the motor field current ina push-pull arrangement. For 
quieecent conditions, with the current in each fleld of tie 
fume mugnitude, the flux of one field 186 on .08ed by the flux of 
the other fielc, giving a net field flux of zero. When an 
error signal is apolied, the current in one field increuses, 
and that in the other, cecrenses. Thus is appliec a net control 
flux proportional to the errorsignal both in mugnituce and 
direc%Sion. 

In the provision of « constant current souroe for the 
armature, advantaze vrs taken of the tube chiracteristics of 
the type 6L6 beam pover amplifier tube. The relatively lerge 


current recuirements of the armature led t» the use of six 6L6 
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tubes in parallel us shown in Figure kX. (Seq ale, Sample 
Caleulatione in Appendix. ) 

Unon conclusion of the prelisziniry caleuluttons. 
construction of the various componente wae Legun. To permit 
euse of alteration un? to auve time a “breud-voar" type of 
cometrection wus veec Sor most of the elements. Cniy \usali- 
tative performunce teats were mane on the elenente cefore 
the loop wus clocted since 1t vsa sxpected that chanzee would 
pe neceesury a8 m9re Knowledge vic gfeined of the systien per 
fornence a2? & unlt. 

Vhen the loop vie ologsed, the syzeten vas unstuole, 
oseeiilatines at about 100 oycles per minute. A variac wus 
ingertead in place of the input synonrotransformer to serve 
46 a Veriubls g£aln oontrol, and the gain was reduced until. 
Steblliity ~us attained. When B8tavilized by thie nett:og, how- 
ever, tna torvue constent was eo low that the systen war 
relatively uselese ané At becume evident that convencation 
would ce resuired. An inveaetication of the guin cctually 
being ceveloped by the D.C. amplifiers disclosed that only 
about 10 voits ner volt was creing ootained aithouzh fne colir- 
cult hae Leen destened to give » gain of about 200. After 
onec-in the amilfiers to deternine the pource of troub‘e, 
fone found that the plpple ocompoment of the outout Prom 
the py eo-a2isitive rectifier wae excesrive and wae caucing 
saturation of the D.C. amplifiers. The exceselive rin;le, 
Couple@ -7Lt’ the bicn quieseent votential used in 4he Bfpr 


field colla alan caused the field estle to are to grounc. 





The folloyins corrnctive measures were tuken: 
(2) “he car.elLtance of the rilter c nmcenser + 2 
incre.fac t> réduc? the rin -le. 
(2) The MC. monor field w&s yfewound uBiing a Better 


type bf insulation. 


efter there steps had been tal.er, an invecti ig’ son 
Of poselole methods of comnenftuting the aveten + .° begun. 
“Mile & frecuency resoonse test vould mve vee! the ost 
siraighteJorvare method (gee Aunendix for method), the cone 
etruction of acauitional eculomrent would jiisve Leen required 
for -vwaich tine ~my not available. In 2€aition certain ig 
erpovements suveerster thamaelvee whieh enoulc be accom liehed 

“fore a fre nency recronre teat Lea mene. 
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as 0 f 


When the gain of the shunt-field-control system wes 
reduced until the system was patisfactorily stable, the gain 
through the demodulator and amplifiera, representec in Eoua= 


K = 
tion (4+) by Kaki V2 yas approximately 2.0 millianps per degree 
Ppt rep 


of error. (See plot, Figure XIL) Supetituting this value in 
Ecuation (5), together with the motor torque constant x4 = 77 
in.o2. per ampere ana the gear ratio, r= 100 and solving for Kio 
gives X, = 2.0(100)77/1000 = 14.4 in.oz. per degrees. 

By taking 42 frequency response teet on the system 
and inserting & lag network, it may ve possible to inoreace 
the allowable gain by a maximum factor of ten, and thus increeseé 
the torque constant. An increabe in torque constant to about 
Ju) in. oz. per degrec would still result in a torque error of 
over 2 degrees for the agrumed loac tormue of 364 in. Of. It 
wes concluded, therefore, that adeauate compensation of the 
eyinting system rar not feasible using & passive network of this 
type. 

A more promising method of improving the performnoe 
of the system is to increase the gear ratio. From Equation (') 
4t oan be seen that Lnoreasing the geur ratio py a factor of ten 
will allow an increase of ten in the amplifier gain without chang- 
ing the overall gain of the syatem. This would increase the 


torque constant by 4 fuctor of 100 45 indicated by Equation (5). 
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in additio» the loud inertia referred +o the motor would be 
decveased by « factor of 100; the frietion tn the syeten “441 
ve incresred by an unpredictable anount: ind uaditional buok- 
lasn would Drobaubly be introduced int) the ceur train. While 
these laat faatora make the exact prediction of the Syote 4 
performance uncertain when the pear ratio is incre:.eec fron 109 
to 1000, it is believed that the major purposs--to obtain a 
Sutisfaotory torcue conetant “ith nuitable Btablliity--can thus 
be attainec. re cuency resoonse atudies after the introcuction 
of the ne gear ratio may indicate further improvements which 
cole be obtuined with passive netrrorks, but it ie considered 
that the chance in paar ratio Should be made vcrior to any fre- 
aquensy reeponse tepst. 

Time considerations prevented the accomplishment of 
this imvorovenent prior to the Buomiasion of this reoort. As 
an interim measu:e, the torque constant was inc; e.sed by e@ub- 
etituting « Vard Leonuré 6rive fystem for the shunt-fleld- 
control moter, as shown in the wiring diagran, Figure II. Py 
Conpencatin. thie eysten with a lag network ané arn.ture ferd- 
ieaok ees rigure II), the torque conetant obtained with the “ura 
Leonard drive vieldedc a maximum torque error, uncer full Load, 
Of about 9.5 Cegren, 

“xperimental work was concluded by testing the ability 
of the servomechanisn with the Ward Lecnard Grive ts hold a ret~ 
Dhase-angle uncer varying louc conéitionr of the phice-shifter, 


Tne resulte of theee tests are prerented in the Summary of Feaulte. 


oe 








Iv. Fesults 


The results of the investigation are submitted in 

two categories, as follower: 

(1) The results of performance teets upon the 
system when the Ward Leonurd drive wus 
uged. These indicate the practicability 
of the phase-sensitive servomechanien. 

(2) The results obtainee uging the shunt-field- 
controlled drive motor ryeter. These indi- 
cate the chanzes in the design necessary to 
accommodate this type of drive which is 
Simpler end hence more suitable for uce with 


the Hetrork Analyzer. 


(1) Results Using Ward Leonard 

(a) From the data shovn in Table I, the maximum 
cGeparture from the set-phase-angle which results from changes 
in load from 0.4 to 1.0 ampere, is +1.3°. 

(bo) Of this error, approximately 0.5 degree can be 
aperibed to load toreue and static friction in the drive sys- 
tem. (See Figure XI.) 

(c) ‘The remaining error, about 0.5 degree, oan be 
attributed to the error-mexusuring device. 

(d) Under steady input conditions, the drift in 


phaee-angle observed over « period of an hour ranged in value 


between 0.2° and -0.5°. 


= ore 





(2) Jesults Using Se unt-Filel¢e Con’ rol Syaten 
-he measured fain through tne denodula'or end 
amplifiers for the unconpenreto shunt-fielcuecontro! systen 
Wee 2.0 Milil#aps per degree of A@rror. This tives & chen 


lated toroue constant of 14.4 in. oz. per desree of error. 





Phase-An,le Set 
for Load of 


N.4 anps. 


ee 
LO7.2 
179.5 
215.8 
323.9 


Yable . 


meeeured departure from the set- ones anrle 
a¢ load was chanmed to tne indicuted value. 


Voltage of phase-shifter condtant 75v. 


0.46 amp. load 0.68 amp. load 1.0 Game. Tome 


~-0.5° =O." 24. 9° 
a20),°3 + 0.1 4.0 
-0.5 -0.6 +0,4 
Sg =1863 -0.5 
O64 -0.1 #004, 


Note: All phus@-angles measured with the Networ’ Analyzer 


calibrated phase-shifter. 
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The generator field current of the Ward Leonard system 
was measured at 36°-intervals as the invut synchro was rotated 
to position the phase-shifter throughout the 360°-ranze. The 
measured gain used during these runs was 40 milliamns ver decree 
error. Although the results plotted above show an unvredictable 
variation indicating the presence of static friction, the maxi- 
mum field -current observed in a number of runs was 20 milli- 


amperes which corresponds to a torque error of Ome. 
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¥V. Tiscuesiin of Rerults 


Ag stated Lin the Procecure, the use of the Ward 
Leonsrd Drive was a natter cf exvedieno,. The only ouroose 
of this modiflestion in the dezign was to obtain an evalua- 
tion of other éystet comoonentr. Nrom this vievvooint, tne 
ue2 of this syste -us euccessful in that it alloved an 
inveetigution of the accuracy of the error-measuring system 
uncer Similar conditions to those expected to be encountered 
by the completed desien. By measuring the motor fteld eur- 
rent umer load conditions and the gain through the error 
channel, Lt wae porsttrle to determine aporoximately how such 
of the meerured error was due to the lo«d toraue ané to statte 
friotion in the syetem. The remaining error of about 0.3° 
oould only be aserived to the errormeasuring systen. 

Furthor measurements on the phase-sensitive recti- 
filer Ciscloresd that the transformers were not accurately 
centerj-tanvec. It can be shorn (see Apvendix) that this will 
introtuce an error in the circult which 16 direotly propor- 
tional to the magnitude of the error in positionine the center- 
ten. Any unbalance of the diode unit will contribute a similir 
error. [If the magnitudes of the inout voltazee are held con- 
stunt, thie error on be corrected by ealibration of the input 
Synchro; Lut reealiivurution will ce required for each change in 
mawnitude of the input voltace. An accurately balanoed phese- 
Bensitive rectifier ic required, therefore, for optinur perform 


unece of this unlit. 
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The effecte of waveform distortion of the input 
voltuger upon the eceuracy of the oireuit sare not predictable. 
Further experimentation may disciose that come preliminary 
shaving of the inout voltage vaves, a@ was done by Jacomen, 
will be neoessary in order t» ontuin the required accuracy; 
but Lt seeme6 advisable t. avoid thie mecsure if possiole, by 
Tirat improving the performance of the existing unit in the 
manner specified above. 

The results obtained with the shunt-flel« rive 
motor denonstrate the necersity for inerersines the gear ratio 
to obtain satisfactory performance of this unit. While the 
introduction of elestrical dumnoing may present an alternative 
method of achieving the sume reault, it is believed thut cue 
to the low velocity reauirements of the system, the change 
in gear ratio ig a more cesirable solution. 

Since the inout voltace to the phase-censitive 
rectifier is limited ty the maxinum voltage (120 v.) which 
can be anviiled to the dioces, provigion must be made for a 
voltage reduction from the pruoece-abifter. To minimize the 
load whieh the servomechn:.nien places on the nhise-srifter, 
it anvears cesira.ple € 9 acconslieh this voltare reduction 
through the uc6e of a large resistor (apout 0.1 megohm) across 
the nhase-shifter output. By tans n. this resistor at vart- 
Que pointe. and using thie voltace te vrive s baffer ampilfier, 
provision oan be made for larze changes in magnituce of the 
nhase-snifter voltares. As ehown in the analysis of this unit, 


At ehovid, Lf properly balanced, be insensitive to changes in 


Sees 





volvage mo goittude within the limits of the diodes. 

Al‘hnough an attempt was made to calibrate the inout 
synechro-transformer, the results vere unaatisfuctory. hen 
the input dia!’ rus rotated through A660" and the outvut voltage 
phose-angle was measured with the Network Anulyzer callitrated 
phase-shifter, errorea as large <8 4.5° were observed. This 
may be attributed to errors in the synehr -traneformer itself 


and poseitly, to the back-lash in the gearing system. 
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VI. iS0 imeandbttiona 


wpe Soi loins ie & atmm.rs of the recommen t#tlons for 
REYrOVIPente on St VFhibn of the piese-—weneltive ferv Mea apieg: 
\1) Change tne fear ratio in the shunt-fied- 
controi arive from 100 to LOND. 
(>?) Jse a more Btaple tube such «s8 the 659N7 itn toe 
volt.pe amplifier. Tne chamre in gear rutio 
“11 reduce the D.C. amnlification necessury 
tO Ovtain a satisfu.ctory torgue constant, 


an permit the ume of a tube !' ith lorena: 


of 
Vatd 
~~ 


hn9rove the performance of the pheaer-sensitive 

roetilier by procurement of more carefully 

selected components. 

(2) Conbstrust u cireult to provice for major 
enmunges in magnitu e of phuse-ahifter voltage. 

(5) Improve inout synchro eystea Lnolnding gearing, 


t> wilow final Sa i bration. 


In uddition it Ls recomended thet the two-onase 
drive motor system outiined in the Ap-endix be investisatead 


further. 











uN Lnveeti2bition of Electronic “1ttmeter Circuits 


Phe original aim of thie thesis vas the continua- 
tion of the develonment, started by Mayer and Closet’, of a 
pover—sensitive servomecnanisn for the netvor. analy7er. 
Probleme are frecaently encountered where it is deecir..ble 
to hold the vover output of « particular phase-snifter at 
a constant value, «nf as in the case of the ph:se-sensitive 
Bervomecnanisen, the power-senscitive sarvomecizntanm would 
result ina reduction of time reauired to set up this tye 
oroble:. The authora' work on this problem consisted of 
the inveetigution of two electronic cilrouits which shoved 
promise of serving as power-sensitive elements. “rom the 
resulte of this investigation, it was concluded that neither 
of these two circuilte “as sufficiently accurate anc etable 
to serve the purose intended. The nost stralerte-forvard 
metho: of obtaining a poversensitive element is therefore 
considered to be the adaptation of one of the standard 

\ 
cdynamometertype wattmeters or watt-nhour meters to vroduce a 
voltage sifn:l provortional to pover. 

The time available for develooment of such a pover- 
eensitive device was inaceauate and the authors insteud 
turned their efforte to the cevelopment of the closely allied 
phase-sensitive servomechanism. Age a possible aid to future 
investivatora the following brief summary of the experimental 


work on the electronto wattveter cireuits Le presented. 
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the firet cilrentt investigated was developec by 
Pterce-. The Pierce ciroult as modified by Mayer end Glod t* 
{a ehown in Figure alil. The short time svailsble to layer 
and Glodt prevented thelr obtaining conclusive results with 
the circult and the adventages of an electronio vattmeter 
element in the servomechaniem aonliication promoted further 
experimentation. 

Pleroe's uee of a nultieiectroce tube af a w.tt- 


meter can be explained by the use of FPirvure XIV (a, b, anc c). 


iN tt ae v> Ey. Yor 
‘pp J =~ 
WY rid? NG eax 





Tp vi tyy Sor 
y ss Vanna €,, 


Figure civ 
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In Figure XIV (2), G5 ond G- are hel? at positive 
fixed potentiale above the cathode. CG, anc G are biused 
with a negative potential with resnect to the sathode. In 


euch a o.ge, the current paseine through G, I La depend 


gi? 
ent only on the potential of GH, being independent of the 


potential of CG), fhe proportion of I reacniing the plate 


gl 
ia, horever, depencent only on the potential of G,. 


For these conditions, I, = I,- ~ (Boy). 


gl 
ous values, can be represented by a series of straight linee 


at ES as a function of F 4, with Ranh xad at vaeri- 
terminating at a point as shown in Figure XIV (b) 
then I _- EtG. -~ A 
, el ( i ) 
If, also, I, as «a function of Po for some value 


of iT in this region, is a etraight line, then 


t (Boy) ; Ko (Gy, re Ao). 


I, will then have the form, 


be = Au 


, gi * BEy Egy * CBy, + D. 


gl" g4 


The terms, AE and Fg, are of an alternating our- 


i 
rent type. The direct oa of the product term will, there- 
fore, be proportional to the pover if the grid signals are 
made proportional to the voltage anc current to the load, as is 
done in the circuit, Figure ATII. The above exslanution in 
paraphrused from Pierce's paper= and the reader is referred to 
thi¢ nuper for further information and detailla. The 6A8 tubes 
used by Mayer and Gloat* are a replacement type for the 247 


tubes originally used by Pierce. 


oy 
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Preliminary tests on the ciroutlt of ‘igure XIII 





yielded the followinz: results: 


(1) The eclreult responee was Linear unter verving 
conditions of voltage and current, 1f the pover 
factor of the load vas held constant, a8 shorn 
in Figure XV. 

(2) The oirouit resronee ts variable vovermfuctor 
loads is shown in Fieure AVI. If the voltuges 
and current were hel constant and the partrer 
factor of the load varied, a linear variation 
vas obtainec but the line dic not wese through 
tiesoxrignin. G6@e Curve 1, Figure AVI. ®net is, 

& sero power indic«tion woulc not huve resulted 
for a zero pover-factor load. Pierce's resulte? 
ingicatecé that his original clreuit nad net thie 
test. 

When the load pover was held constant and 
the pover factor varied, the resulta were us 
indicated by curves 2 and 3 of Figure AVI for 
50 and 20-ratt loads, resvectively: Curve 3 
12 includec sinoe it wae the only run taken which 
included a lagging po'ver-factor load. Gurve 2, 
Figure AVI, shove that the response to a conetant- 
porer, Wurlable-sower-factor, loud 18 nsurly linear. 
Curve 3, Fizure XVI, shows that the siope of the 
"Line" continues in the same direction for leading 


and lugeing power fuctors. 
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If 1t WF Wasurret thet the ph-ee-chift in och 
traineformer is not the sume theee repaults cat te ex vlained. 
Tt te exBeetec tant if curve 3, Figure .¥L. were extende: into 
the region of very low power fuctore, tne stove of trae curve 
would reverse at some ooint where the uotual inputs to the 
olrcuilt were in phase. It was therefore deeuced that if a 
pnase-sniftiig circuit ‘ere introducec into one of the in~ 
outs in such a mainer that the input stonsls would actually 
ta in phase for ~ unity pover-faotor joud, the cilreuit re~ 
goonse woulc be inproved. 

Accordingly, the oircuilt was modified to place a 
variable capaciteunce in varsllel with the transformer yvhich 
received the signul proportional to voltage ae snown in 


FPirure AVIT. 


[ 
al = ea <5 SE 
|= a: commer 0 Bo 
pass = ii 
| /y ‘= os 
| a8 
Pig. XVII 


The resulta of this change are stiown in the plots 
of Figure XVIII. The conetant-voltace, constunt-current run, 
curve 1, passes through the orlgin as required. The conetant- 


pover run curve 2, ia more nearly parallel to the horizontal 


axis. By variation of the phaseeshift introduced, the slope 


see 








af this line can be varied at will in ®ucr a manner that the 
recponse over 4 limited ranve of power factor ils nearly con- 
stant. A demonstration of thie contril is aliven bv ourves 
and 4 in which the Alone ia shifted through the horizontal 
oy a variation in the pvhuse-shift introcuced. (Note: curves 
3 and 4 were tae 1 at a later date than eurves 1 and 2 and are 
not directly comparable due t> various olreultt ehanzes rude in 
the intervening period. ) 

Although not confirmed, 1t appeared th.t the phause- 
shift aid not occur, except in part, in the trunsformers. a 
atterpt waa made to isolate the phoage-3hift since it cxuld be 
corrected. It was noted, however, that the amount of correction 
necersary chanced when the 6A8 tubes were interchan sec or re- 
placed. 

>eepite the fact that the recults of Pierce vere thus 
Guplicated subsecusnt experiments made it apparent tht P.C. 
arift of the circuit was exoessive for the annlication intended. 
Hxtenrive teste led the authors to the conclusion that the main 
cause of thie drift wus 4 chance in tube churacteristios. 

Due to the drift difficulties enonuntered with 
Pierce's ciroult, inveetigution of the Fl Said olneeiae ELE 
confined to teats for drift. Teste on tube S54 used in the 
El Said circuit shoved that 16 “ys als. subfect to drift to 
the extent that its use woulde render a vattmeter circuit in- 
arcurate unless frecuent recenlibrations vere made. Such re- 


cylibrations were considered to be impractical. 
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B. Wh wronened #rccahume fbr Makin, a Fmcneney-BesoanRe Pect 
rete 


on the PhareeGenei ive 





Hervanrcc eens! 


Since the observec poerformnee of the systen indi- 
cates “hat tiere ir an appreciable Lif in the nn ce-sen¢c' tive 
rectifier, any frecuency-ressonee testa unon the evater should 
imveleuge this umit. As the proposed change in ~@#rr ratio to 
1000 rill nuke the closed-loop systen sufftetently etable for 
fre-uency-resvonse tests (cr will make them unnecetrary), the 
method oro.osed below is for a clo#fed-lioasp test. Yorever, 
it can be saBily adaptec to en inen-leoon tast. Af decivead. 

in order to abtain a cLnussidcel input signal, 4a 
varlable-eneed drive is utilized te oselllate the input syn- 
chro through an eccentric drive. The fpeed of the érive euould 
be adjustable to one cycle per vrenond, or lesa, sinoe the reco~ 
nant frequency ise about ten radians per secoond. 

the input and output veltazes are bucked egeinst 
compering voltages of the same magnitude to obtain 2 signal 
yvhich 18 proportional in magnitude to the troephugse anzlecs. 

See Figure »1X. 

Since these voltages ire not groundec, they ure 

sent through isolating transformers to permit grounding one 


Bide of the inout to the Erush recorder ammlifiere. 


ee 
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Motor ee ne 
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C. SA PoMeiol: Method of Eeing 4 J. swo-Pame@e arive Motor 
pe efi 


AB mentioned in the vocv of thin rerort, the system 
presently eviloyed on the Feteuor’ Analyser to mecsure w.use- 
angle is to null the unknovn voltuge againget the osutsut from 
a calibrate? »~hsge-shifter. The accuracy and fimol olty of 
the method »romgptes the yroonta. for enoloyvine the nvli or ced= 
ure ina ohise-faneitive servomnecheniam as inhleated in 
Figure XX. 

From Fissure “~X , for 0, = 0) 


rey 5 


Th - dt 
Ca ee ee Ct ee + ree. 
Iso Me 6 6Oon( Te ome ' 
r* 
Ty — 
aad = rhyhkyp (6) 


The woltage of the phase-snifter 1s tapved off the 
potentiometer to be eaual to the input eynehro voltage. Yhen 
the tra woltares are in phase, the voltage apolied to the 
control phase will be zer. 

Tf the two voltaces move sut of phage, a resultant 
voltage, Vo, if amplified and avolied to the control phise. 
Since V2 ts at 90° to V.» @ notor torque will result. If Vy 
and v.. should aiffer in marnitude, « voltage, Vas will be 
anrLiee when the two voltagesr are in phase, but the motor 
torcve at standstill will be zero. 

From Ecuation (6), the over-all torsue constant, 


Ty /¢ gg: Will be vroportional to r, the gear ratio. The 


ee he te 





Gllowable cain for stability will, however, be inversely 
proportional ts r. by using a euffictently larze value 
of pear retio, it shoule@ te posetile to muke tne Syetem 
eufficientl,y ‘etiff." A.C. armvliflere eun be used through- 


out the syatenm, thus minivizing orablers of drift. 


Lay 





rT 
i ae TO NETWORK ANALYZER 
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v, 


INPUT : 2-PHASE 
a ro ce 
CONTROL. 
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SET ANGLE “a eens coal 
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Ke 
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FIGURE Xx 
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D. cme followink brief an.lysin te insluded te nenons! rate 
the effects of unb-liznce in the onhugejsensitive rectifier 


ciroenit: 


As shot in the body of thie resort, zero direct 
current outout of 4 correctly bail_ncedc Dtu:se-cencitive 
reotifier requires a 90°-nhase differense bketreon the inout 
voltazxes ani 16 incenendent of the voltage magnitudes within 
the limite of the clodee used. If, norever, transformer tT, 
of Figure V, 1s not accurately centertapved, the pnause dif- 
ference reuuired for zero 6xrtput voltage (D.C.) becomes a 
function of the magnituce of unbulnce. 


Assume in Figure VI, that ‘Be! is mane larger than 


| a5 | by an amount NE so that |be| = | ap | + |A ve| : 
Yor zero 1.C. output, \V5| = \¥.| 
\*y| = j\a6 | ae |S be{ + bdcoss +3 | br | sine 


v2 | --j|ab| + j | ba| sind + bdense 
“|a\al +3 S be + jbasins | = | ~Jeb + Jbddsine| 


ab + Abe + beeing = ab — bdsine 


A Ge 
2B 





sing = | 
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tor bd constent in mignitude, 9 will vary 
directly as the magnituce of the invut voltage \Be| 
up to a livit set by the amount of unbalence. Unbalanced 


tube ch:rcvoteriatics would contribute a eimilar error. 


1 
WN 
© 

‘ 





E. Sample Calculation; 


1. io determine ..oiifler reculrene nie: 

Although some of the purnmecern in the clegran 
(Pieure Ii) are not succeptible to ready nec ecurement, and 
no attempt 1u8 rmca to deflue the trunerer function of the 
phuse-shifter itself, the eouations <erivee from this tre.Lyeier 
cerve to iniicate the influence of certain p- rameters on Sve 
tem perfornances 


To evaluate the torsue constant, Fie 


Ke = a Se 
a 
< pBteady state 
which ti11 allow the prediction of tne error caused by a 
load toraue, consider 6, cone tant: 


Then 
ae | 1 , fae 
oe ee ee 





Sinoe 857 & , for steady-loac torjue, 


“or the ageumad lout torsue sf 2 Ftelbe. and 


& Wergu® ermor of 0.5°, 


yo. 2 ft-ie. ae ib->:;. 
je 0,59 ae ae: 





Aeeuming input voltagee to the demodulator are atr- 
proximately 80 volts rma from the ohase-shifter and 4r volte 


ras. from the synehro-transf: rmer: Ther from “Scuation (3), 


Val=-|Vs 2Be Tet 2(2¢ )4 , 
i - ig ial. - x z(2c Mo = 35.8 volt@Agaraan 


-_ @ et oe { 2000 


= 0.625 volt:/dvsres 


(Note: This calculetion if in error by the modificntion in- 
troduced by the filter circuit but it indilestes orimarily the 
order of macnitude expeoted. ) 

Avuillable information on the notor indicated that a 
toroue oonstant, Ee of about 77 in-o2. per anpere eould be 
expected. 

Suvostitutine theee veluez tn Eauations (5) and (5), 


en estimete of the anplifiler gain renuiremente was made: 


Ka = 0.6 volt/degree 











Bowe 77 in-oz./amn. 
¥ = 200 
a 768 = 0.167 ann. /volt. 
Toth, = SrK,K, =100(77)(0.6) 
Aasuning, a =e = 5000 phoe (for use of S5L6's 
aoe *f in power omplitler) 
Ky = —— = 37.% volte/volt. 
5000 & WO 
Accordincly, 2 6SL7, hevwinga i of fo r.2 used. 





2. Caioulatione for tue constant-current source 
(See Figure X.) 
Motor Data: 
Rated Armauure Gurrent - 6.5 ar.. 
Armature Hesietaunce - =; = 
Rated Armature Voltave = EB, = ilc v. 
6L6 Beam Pewer Amplifier “ube Veta: 
Allovabls Plate Dissipation = 1% watte 
Allowable GSereen Dissivation = 2.5 watts 
At standstill, motor voltage =: oS = (.5)(35) = 27a 
From tube characterietica, plate voltaze = 152 volte. 
Plate current per tube = 0.50/6 = 0.98% omnes. 


Plate €issipation = (152)(0.083) = 12.6 watts per tube 


At Dull speed, motor voltage = 110 volte 

Tube plate voltaze = 70 volts 

Plate current per tube = 0.075 amos. 

Plate dissipation = (70)(0.075) = 5.25 vatts 

Mote: (1) I% was cecided to operate near the "knee" of 

the tube characteristics in orcer that exceesive 
voltages would not be a»-lied ts the motor uncer 
low-torcue conditions. 

(2) Tube dita available was not sufficient to allow 
accurate Galculetion of seresn diseipsation. vince 
rough calculations indicated th.t screen grid 
diasipation would be excesrive for the use of & 


or 5 tubes umier the desired conditions, 6 tuues 


eS 





Ly) 
A 


were "see. Uxperinoental reeulte might in-icsate 
thit 5. or ever 4, tubes euule ve sitiefoctorily 
"1ged. 

tre entire cirevit was desnignec with the intention 
of using the 2@Cevolt D.C. mains end thus elimin- 


atinz the need Lor an eleotronic dover supoly. 





KF. Typicwl Te.. 





Peable IT 


Culibration of Inout Synchro~trinsforner 


Measured shasea 





Pial Setting of Synchro Voltage sD de a 
os Oa oe 
36 S250 =i 
72 71.6 =or4 
108 105.0 2510 
Lyk 140.¢ —i.0 
180 173.6 “1. 
21s 2386, 9 -4.1 
252 243.5 fee 
226 PsN ES. -2.7 
324 32.0 =an0 
360 362.9 2.9 
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Table 1. 


t~4 
pond 





Drift un: 


Fhase-shifter output voltage conetant, 76 v. 
Phase-anifier load constant, 400 ma. 


Input synchro setiln constant 


“ime | Yeasured phase sucle Dri ft 
af phases-ehtfter (Decrees ) 
voltrz-e in iesrees. 

1050 324 4° E 

1102 324.2 + Ogee 

110& 324 2.9 aO.5 

1114 324 3 +092 

1IAG 4OK 6% -0.2 

L133 524 6 -C.4 

Li4l 324.7 -0.5 

1145 324.2 +G¢ <2 


lao 324 5 -0.2 
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